Cancer evolution is currently thought to start from a clone that has accumulated the requisite somatically-acquired genetic aberrations through a series of increasingly disordered clinical and pathological phases, eventually leading to malignant transformation \[[@R1]--[@R3]\]. The observations in invasive colorectal cancer that usually emerges from an antecedent benign adenomatous polyp and in cervical cancer that proceeds through intraepithelial neoplasia support the idea of stepwise or linear cancerous progression \[[@R3]--[@R5]\]. Genetically, such progression is achieved by successive waves of clonal expansion during which cells acquire novel genomic alterations including single nucleotide variants (SNVs), small insertions and deletions (indels), and/or copy number variations (CNVs) \[[@R6]\]. The latest improvement in sequencing technology has allowed the deciphering of the whole exome or genome in different types of tumor and normal tissue pairs, providing detailed catalogue about genome aberrations during tumor initiation and progression, which have been reviewed in several papers \[[@R7]--[@R10]\]. Here, we focus on demonstrating the cancer clonal evolution pattern revealed by recent deep sequencing studies of samples from acute myeloid leukamia (AML) patients.

CLONAL EVOLUTION IN AML PATIENTS {#s1}
================================

To study the evolutional course of cancer genome in AML patients, investigators performed whole-genome sequencing of primary tumor, relapse tumor and matched skin samples from eight patients \[[@R11]\]. As expected, they found somatic mutations in known AML genes such as DNMT3A, FLT3, NPM1, IDH1, IDH2, WT1, RUNX1, PTPRT, PHF6 and ETV6, as demonstrated in several other studies \[[@R12]--[@R22]\]. Most importantly, major clonal evolution patterns during AML relapse were demonstrated as the founding clone or a subclone of the founding one survived initial therapy, gained additional mutations and expanded at relapse \[[@R11]\]. To elucidate somatic mutation changes between primary and relapsed tumor genome, we made a schematic diagram according to the data in one of the patients (Figure [1A](#F1){ref-type="fig"}). Four clones numbered 1 to 4 were present in primary tumor at the percentage of 12.74%, 53.12%, 29.04% and 5.1% respectively in this patient. Clone 2 and 3 were evolved from clone 1 and included all somatic mutations in clone 1. Clone 2 either appeared earlier than clone 3 or grew more rapidly than clone 3 since this clone comprised more proportion of tumor cells. It is likely that a small portion of clone 3 cells acquired new genomic variants to form clone 4. This should be a late event in the evolution path because clone 4 only comprised 5.1% tumor cells. With the onset of chemical treatment, all cells would face the fate of either dying out or changing to acquire novel drug-resistant mutations. It turned out clone 1, 2, and 3 cells totally succumb to chemical therapy. Most cells in clone 4 were also killed during the therapy by the combined treatment of drugs of cytarabine, daunorubicin, and etoposide, mitoxantrone, cytarabine, and fludarabine, as well as interleukine 12 (IL-12) \[[@R11]\]. However, relying on the 78 somatic alterations that are either preexisted or newly acquired, a subset of clone 4 cells finally evolved into a new clone, clone 5, which seemed to have the capability to resist all the treatments and eventually led to the expiration of the patient. The dynamics and plasticity of cancer genome is clearly illustrated by the supersession of different tumor cell clones in this patient (Figure [1A](#F1){ref-type="fig"}). Similar clonal evolution was also observed in other seven patients \[[@R11]\]. Tumor clonal architecture is prevalent in AML. Clonality analysis of whole-genome sequencing (WGS) data from 50 AML patients found more than half the tumors contained both a founding clone and at least one subclone; five patients had two subclones and as many as three independent subclones were identified in one patient \[[@R23]\].

![Clonal evolution revealed by cancer genome studies\
**A.** Five distinct clones successively emerged in an AML patient with clone 4 surviving chemotherapy and evolving into clone 5 by the acquisition of novel drug-resistant mutations. **B.** Four of five dipoid tumor cells harbor the variant nucleotide of Guanine on one of the two homogenous chromosomes at the position of reference nucleotide of Adenine. Current sequencing technology does not discriminate the homogenous chromosomes and results in 10 short reads with 4 of them carrying variant nucleotide of G and 6 carrying reference nucleotide of A. Therefore, the variant allele frequency (VAF), 40% here, is equal to half of the percentage of mutation-carrying tumor cells, which is 80%. **C.** Tumor clones can be detected from the density plot of VAF with each peak representing a clone that carries the mutations defined in that peak.](oncotarget-07-58586-g001){#F1}

Clonal evolution was also reported during the progression from the myelodysplastic syndromes (MDS) to secondary AML (sAML) \[[@R24]\]. Specimens of MDS, sAML, and matched skin were obtained from seven patients and subjected to WGS analysis and the findings of SNVs, indels, and CNVs were validated by custom solid-phase long-oligonucleotide arrays \[[@R24]\]. In one of the patients, five mutation clusters were identified according to variant allele frequency (VAF) of SNVs in MDS and sAML. In addition, CNVs were also subject to clustering analysis and three distinctive clusters were discerned, with two of CNV clusters presumably corresponding to two SNV clusters, increasing the credibility of clustering methodology for clonal identification. In total, five samples at MDS stage (averagely 2.4 clones per patient) and all seven samples at sAML stage (averagely 3.1 clones per patient) were multiclonal \[[@R24]\]. Clonal evolution was also detected in other types of sAML. In a patient experiencing the transformation from primary myolofibrosis (PMF) to sAML, unsupervised clustering of VAFs identified three clones at each of the three stages of PMF, sAML, and relapsed sAML. PMF-dominant clone was driven predominantly by JAK2 and U2AF1 mutations, which was successively superseded by the clone harboring ASXL1 and HCFC1 mutations, and then by the clone harboring RUNX1 and IDH1 mutations \[[@R25]\].

In addition, clonal architecture and evolution analysis is applicable to solid cancers. Using a VAF-based reconstruction method, it was found that subclonal diversity in 55 small cell lung cancers was threefold lower than 11 lung adenocarcinomas \[[@R26], [@R27]\]. A similar notion using allele frequency of germline SNP data is useful to deconvolve the sequence of gene deletions that give rise to malignant tumors. Such analysis revealed a "consensus path" of prostate tumor progression from the WGS data of 57 patients. Tumor progression began with events including the deletion of NKX3-1 or FOXP1 and fusion of TMPRSS2 and ERG, which might disrupt normal prostate epithelial differentiation \[[@R28], [@R29]\]. Thereafter, lesions in CDKN1B or TP53 accumulated; these alterations might lead to enhanced proliferation, genomic instability and/or evasion of apoptosis. Finally, loss of PTEN provided a gating event in the development of aggressive prostate cancers \[[@R30]\].

THE UNDERLYING PRINCIPLES FOR TUMOR CLONE IDENTIFICATION {#s2}
========================================================

The crucial question in studying clonal evolution during cancer progression is how to define clones, such as the number of clones and what mutations each clone carries, in a tumor. Variant Allele Frequency (also called mutant allele frequency), defined as variant read count / (variant read count + wild type read count), is a very useful concept here \[[@R22]\]. A basic assumption in deep sequencing-based cancer genome studies is that somatic variants are heterozygous in tumor cells. Of course it cannot be excluded that a few tumor cells happen to be mutated at the same position to the same variant nucleotide on the two alleles, but the chances should be low \[[@R11], [@R22], [@R24]\]. Given the fact that each cell has two sets of chromosomes and a read from whole genome sequencing after removing PCR duplicates represents one chromosome, it can be deduced that the percentage of variant-carrying tumor cells is twice the VAF value, i.e., suppose 80% tumor cells harbor a mutation at a specific site, the VAF at this site should be 40% (Figure [1B](#F1){ref-type="fig"}). The number of clones and the variants harbored by each clone can be identified from the density plot of VAF. As shown in Figure [1C](#F1){ref-type="fig"}, three mutation clusters are discernable in a tumor sample with each cluster having VAF of 40%, 30%, and 20% respectively. Based on the idea represented in Figure [1B](#F1){ref-type="fig"}, these three clusters are supposed to exist in 80%, 60%, and 40% of tumor cells, which means that tumor cells carrying cluster 2 mutations should also carry cluster 1 mutations and the cells carrying cluster 3 mutations should simultaneously carry cluster 2 and 3 mutations as well. A clonal evolution course can be deduced that initial normal cells acquire cluster 1 mutations to start malignant transformation, and some cells gain cluster 2 mutations that might confer growth or survival advantages, and then a few cells obtain more mutations defined in cluster 3 to get even more malignant potentials such as inducing angiogenesis or metastasizing to distal sites. Tumor clones are then defined according to the mutation clusters \[[@R11]\].

To more clearly illustrate how the information of VAF clusters are converted to the hypothesis about genetic clonal cell populations, we made a schematic representation of tumor evolution during which novel mutations are progressively acquired (Figure [2](#F2){ref-type="fig"}). Initially, tumor population is relatively pure and a set of mutations are ubiquitously present in almost all tumor cells. The VAF of these mutations would follow a normal distribution centered at 50% (Figure [2A](#F2){ref-type="fig"}). With tumor progression, a new set of mutations arise at some time point, which leads to the emergence of a new clone that harbor both the original and newly acquired set of mutations (Figure [2B](#F2){ref-type="fig"}). Assuming half of tumor cells belong to the new clone at the time sampling for sequencing analysis, the VAF plot would have two peaks centered at 50% and 25% respectively. With further tumor progression, some tumor cells obtain the third set of mutations and form clone 3. Suppose 1/4 tumor cells have this set of mutations, the VAF plot would have three peaks centered at 12.5%, 25%, and 50% (Figure [2C](#F2){ref-type="fig"}). Practically, we need to infer clonal architecture from VAF density plot, such as a peak centered at 50% represents a tumor clone that only carry the set of mutations almost ubiquitously present in all tumor cells, while the peak centered at 25% represents a clone that, besides the ubiquitously present mutation set, also carry an additional set of mutations.

![Schematic representation of the conversion between tumor clonal architecture and somatic mutation clusters\
**A.** Tumor cells in the initial population comprise the identical set of mutations shown in magenta bars; **B.** A subset of tumor cells obtains a new set of mutations (cyan bars) to form clone 2; and **C.** some of which further acquire one more set of mutations to form clone 3 (purple bars). Numbers in the parentheses denote the assumed percentage of tumor cells carrying the corresponding set of mutations at the sampling time. The low part in each panel shows the VAF density plots and mutation clusters that correspond to the clonal structures shown in the upper part.](oncotarget-07-58586-g002){#F2}

If two stages of sample, like primary and relapsed tumors, get sequenced, a scatter plot can be made between VAFs at the two stages to exhibit the progressive clone changes during the evolution from one stage to another. As shown in Figure [3](#F3){ref-type="fig"}, three mutation clusters are identified. Cluster 1 has VAF of 40% at both stages, indicating clones carrying this cluster of mutations keep stable during the progression from stage I to II. Cluster 2 has VAF of 20% in stage I but decreases to 0% at stage II, indicating this cluster of mutations cannot confer growth advantages to tumor cells or even restrain tumor growth that leads to the disappearance of cells harboring this cluster of mutations. In contrast, cluster 3 have VAF of 0% in stage I but increases to 40% at stage II, indicating this cluster of mutations are newly acquired and confer substantial growth advantages and leads to the cells with this cluster of mutations becoming dominant at stage II.

![VAF clustering analysis of patients sequenced at two tumor stages\
Three clusters of mutations are identified. The changes of VAF represent the clonal evolution from stage I to II.](oncotarget-07-58586-g003){#F3}

HETEROZYGOSITY OF SOMATIC MUTATIONS IN TUMOR CELLS {#s3}
==================================================

As stated above, one fundamental assumption for deducing cancer clone evolution from VAF is that somatic mutations emerge on only one allele on the two homologous chromosomes. Based on this assumption it can be inferred that a somatic event with VAF of 50% should be present in all tumor cells, and two events with VAF of 40% should be simultaneously present in the same set of 80% tumor cells. It is experimentally difficult to directly demonstrate this heterozygosity assumption except the statistical inference that chances are very low that two independent events emerge at the same position on two alleles with the same type of nucleotide substitution in one cell. However, the examination of VAF in copy number changed (gain or loss) genomic regions does provide some evidences. As shown in \[[@R31]\], most of copy neutral regions (diploid genome regions) have VAF of around 37%. However, at haploid genomic regions, such as the deletion of one chromosome 7 arm, regions of loss of heterozygosity at chromosome 16 and 20, X, or Y chromosome, the VAF value could reach 60% or even 80%. It is understandable that in the genomic regions with copy number loss, VAF could pass the limit of 50% if more than half tumor cells harbor mutations. In our whole genome sequencing study of lung adenocarcinoma, we also found that VAF of sex chromosomes (median=0.22) are higher than autosome chromosomes (median=0.16, Figure [4](#F4){ref-type="fig"}).

![Comparison of VAFs on autosomal and sex chromosomes\
Whole genome sequencing was applied to tumor and peri-tumor tissues of a lung adenocarcinoma patient. VAFs were calculated for somatic mutations on autosomes (1-22 chromosomes) and sex chromosomes (X and Y chromosomes). Numbers in parenthesis are the number of somatic mutations detected on autosome and sex chromosomes. Sequencing was done on Illumina Hiseq platform with pair end 150 bp and overall depth reached 30x.](oncotarget-07-58586-g004){#F4}

BACKGROUND MUTATIONS THAT ARE NOT RELEVANT TO MALIGNANT TRANSFORMATION {#s4}
======================================================================

It is now appreciated that tumor cells usually contain many somatic mutations that are not related to tumor initiation and progression. These mutations spread evenly across the whole genome, randomly acquired during cell growth, even prior to tumor initiation. They are just captured by the transformed cells and passed to all progenies during clonal expansion \[[@R31]\]. This conjecture stems from the observation that the VAF of mutations in cluster 1 (i.e., founding clone) usually reach almost 50%, which suggests all tumor cells carry such mutations. Moreover, the number of mutations detected by whole genome sequencing is usually far more than the number that is supposed to be biologically relevant. Around 440 somatic events were identified in 12 M1 and 12 M3 AML patients \[[@R31]\]. But most of them are not shared across the patients. Only 4-5 of these events recurrently occurred in the 24 patients and in a larger cohort study involving 200 AML patients \[[@R23]\]. A study involving whole exome sequencing of hematopoietic stem/progenitor cells from seven healthy individuals of different ages confirmed the idea that normal human cells randomly accumulate mutations over time \[[@R31]\]. It was found that the number of mutations was lowest in the cord blood samples and increased as a function of age; in adult volunteers, the number of mutations detected in each exome of healthy individuals was similar to that detected in AML patients of the same age; the mutational spectrum was very similar to that of AML samples with predominant transitions from C to T, suggesting a role of deamination of methylcytosine residues \[[@R31]\]. The rate of background mutation in normal human cells is estimated to be in the order of 0.06-1.47 × 10^−9^ per genomic base pair per cell division \[[@R32]\]. Actually, background mutations are not completely random. They are positively correlated with DNA replication and negatively correlated with gene expression level \[[@R33]\]. The genomic regions that are replicated late or the genes that have low expression level usually have high mutation rate. Recently, a novel analytical methodology, MutSigCV, was developed to find the true driver mutations from tons of background mutations \[[@R33]\].

Functional mutations in hematopoietic stem cells (HSC) {#s4_1}
------------------------------------------------------

A healthy adult person is believed to produce approximately 10^11^-10^12^new blood cells daily in order to maintain steady state levels in the peripheral circulation \[[@R34]\]. HSCs reside in the medulla of the bone and have the unique ability to give rise to all of the different mature blood cell types and tissues. In normal haematopoiesis, around 1000 HSCs are involved in asymmetric division to facilitate both self-renewal and the generation of differentiated progenies \[[@R35]\]. Given that background mutations could occur during DNA replication and HSC maintain life-long division, it is tempting to consider that some functional mutations that are able to promote tumor initiation could occur in HSCs \[[@R36]\]. TP53 is an important gene to maintain genome stability and prevent malignant transformation \[[@R37], [@R38]\]. Due to the random accumulation of background mutation, this gene is estimated to be functionally disabled in at least one HSC in 44% of healthy individuals by the age of 50 \[[@R39]\]. Using a droplet digital polymerase chain reaction (ddPCR) assay, it was found that a therapy-related acute myeloid leukemia (t-AML) patient already carried disease-causing TP53 Y220C mutation at a frequency of 0.0027% before exposure to any cytotoxic chemotherapy drugs. Similar phenomenon was observed in another patient, whose bone marrow carried TP53 H179L mutation at a VAF of 0.05% before the initiation of cytotoxic therapy. After 5.5 years of therapy, t-AML was developed and the VAF of TP53 H179L mutation reached 34.7% \[[@R39]\]. Therefore, evidences exist to support the notion that bone marrow could be hit by chance to inactive crucial tumor suppressor genes to facilitate tumor occurrence. It is not known whether these bone marrow cells could finally turn into leukemia stem cell or cancer stemloids (proliferating self-renewing stem cell-like cells) \[[@R40]\].

Besides the linear evolution model during which cells serially acquire somatic alterations that increase tumor fitness, other models in which bursts of somatic mutations and extensive genomic remodeling occur in a relative short period of chronological time has been raised \[[@R30], [@R41]--[@R43]\]. New terms like chromothripsis \[[@R42]\] and chromoplexy \[[@R30]\] have been coined to describe the scenario that massive genomic rearrangements are acquired in a single or a few catastrophic events, which have been recently reviewed in several papers \[[@R44]--[@R46]\].

CONCLUSIONS {#s5}
===========

Deep sequencing technology has been employed to dissect genome lesions in AML as well as in other tumors. Besides nucleotide alterations such as SNVs and indels, and chromosome alterations, such as CNVs and structural variations (SVs), this technology can also reveal tumor clonal architecture and evolution. It is rather straightforward to understand the potential deleterious effect of SNVs, indels, CNVs, and SVs that lead to amino acid substitution, frame shifting, gene fusion or dysregulated gene expression, how tumor clonal architecture and evolution are inferred is a little bit tortuous. By illustrating the notion of allele frequency, this review demonstrates the principles of converting the information of VAF clusters into tumor clonal structures. Genomic heterogeneity and clonal diversity are the major reason of tumor therapy failure. The clonal architecture revealed by deep sequencing may prove it necessary to use a combination of therapies at the earliest possible time, akin to combination antiretroviral therapy in HIV \[[@R47]\]. Leukemia stem cells could emerge from HSCs or more differentiated progenitors that have obtained appropriate mutations \[[@R48], [@R49]\]. Deep sequencing is able to reveal tumor clonal architecture. But whether the architecture reflects the heterogeneous nature of LSCs is yet to be determined.
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